The prec is ion tun e d . re fl ec to~e t e r tec hniqu e of re fl ec ti on coe ffi c ie nl me as ure me nt is , a t prese nt , t.he .mos t accurate tec hnIqu e avadable. Utd ,za t, on of th e tec hniqu e re qui res th e IJ se o f tun e rs a nd s hdlng te rnllnat lon s to e hmlllate or re du ce th e inh e re nt e rrors of a direc ti onal co upl er.
Introduction
Th e re flectome ter technique for microwave re flection coefficie nt me as ure me nts is now widely used [1] .1 The meas ure me nt accuracy of a basic re fl ec tome te r (a simple directio nal coupler coupled to the refle c ted wave) de pends on the direc tivity of the direc tional couple r and th e equivalent ge nerator mi smatch. The best kno wn me thod of improvin g the measurement accuracy of the basic re fl ec tom e te r requires the use of tuners , tunin g proce dures, and auxiliary equipment [2 , 3]_ The result of this tuning is an in cr ease in the effec tive dire ctivity of th e coupler and a matc hed e quivale nt generator. At prese nt, the most acc urate m e asure me nts are ac hie ved with this tune d re fl ec tom e t e r.
The purpose of this paper is to prese nt another method of improving the measurement accuracy of the basic reflectometer technique_ This method utilizes a quarter-wavelength . waveguide sectio n. Proper use of the quarter-wave section during the measurement procedure will, in theory, eliminate the error caused by a finite directivity and will reduce the error caused by a mismatched equivalent generator to second order.
No detailed error analysi s is included in thi s paper; however, a laboratory measurem e nt compari s on with the tuned reflectometer indi cates that th e total measurement error is small. Suc h an error analysis may be given at a later date, depending on results of further laboratory experiments with the method_ 
Theory
The operati on of a re fl ec tome te r is di sc ussed in de tail else wh ere [3]_ Th e refore, onl y a bri ef re vi e w will be prese nted here as a s tartin g point for th e di sc ussion of th e quarte r wave le ngth tec hniqu e_ Th e side-arm o utput , 63, of a direc ti onal co upl e r co nn ec ted to sample th e r(! fl ected wave (see fi g _ 1) can be expressed as 1 -+ r T K 6:) = k6c; 1 r r '
(1) wh ere be is th e compon e nt of th e in c id e nt wave furni shed by th e ge nerator , r2j and k are both fun c ti ons of th e scatte ring coe ffi cie nts of the direc tional coup le r a nd re fl ection coe fficie nts of th e ge nerator a nd de tector , and r T is th e re fl ec ti o n coe ffi c ie nt of th e terminatin g ele me nt. Th e s ymbol r 2 ; re prese nts th e e quivale nt source re fl ec tion coe ffi cie nt prese nted to th e re fl ec tor under study at th e refere nce plan e . Th e symbol K is approximately equal to th e directivity ratio of the direc tional coupler. The desired performance of the directional coupler is realized when r 2 ;=0 and l IK = O. Equation (1) then redu ces to
Hence, inspection of (1) shows that the term s involvin g 11K and r2i introduce first order errors in rT, wh e n r T is determined according to (2) from a meas ure me nt of the side-arm output, b;J, of an untuned (11K and r 2i oF 0) directional coupler. Refere nce 3 dis c usses the minimization of these errors by proper use of tuners_ It is possible to eliminate th e ter m 11K and simultaneously reduce the error arising from a finite r 2i to second order by a meas ure me nt procedure utilizing an ideal waveguide sec tion that is one-quarter wavelength long. The theoretical basis for the method is as follows:
If the unknown is co nnected directly to the reference plane of the untuned refiec tometer shown in figure 1, the sid e-arm output, bll.l.' is
where r 1.1. is the reflection coefficient of the unknown.
Interpos ing a precision quarter-wavele ngth waveguide section be tween the reflectometer and r 1.1. add s a 180 0 phase shift to th e argument of the impedan ce appended to the referenc e plane , causing the reflection coefficient at thi s plane to be -r w With the quarter-wavelength section in serted betwee n the reference plane and the unknown, as shown in figure 2, th e
The diffe ren ce betwee n bll.l. and b21. 1. is the n (5)
If the unknown is now replaced with a quarterwavelength standard short circuit 2 whose reflection I coefficient is unity and the above measurement procedure repeated, formula (5), upon substitution of f s = 1 for r 1.1., reduces to
where bl s is the sidearm output when the standard short circuit is connected directly to the reference plane, and b2s is the sidearm output when the ideal quarter-wavelength section is placed between the (, reference plane and the short circuit.
Dividing (6) by (5) results in
Note that (7) does not contain the 11K factor and that L i occurs only to the second power. 1 r 2i 1 is usually less than 0.05 in a practical situation; hence, 1 r 2i 12 «i 1. Therefore, the limitati · Jns of the untuned directional coupler (i.e., finite dire ctivity and a mismatched equivalent generator) have been essentially circumvented, and the correct value of r 1.1. can be determined without tuning the coupler.
To evaluate r 1. 1. by means of (7), it appears that four individual (complex) quantities have to be measured.
If one is interested only in a magnitude measurement, which is usually the case, a relatively simple measureme nt procedure can be used to determine the ratio 1 bl s -b2s 1 II bll.l. -b21.1.1 directly, in decibels.
Measurement Procedures for Determining the Modulus of r JJ.
A measurement system has been constructed and used to substantiate the quarter-wave method experimentally. A block diagram of the system is shown in figure 3 . The measurement procedure is as follows:
1. One end of the precision quarter-wavelength section of waveguide is connected to the reference plane and terminated with a standard short circuit. The signal from the side arm under these conditions is b2s of formula (7). terminated by a shorting metal wall. If a sim pl e shortin g plate is used, r~=-1 is sub-
connected.
stitut ed for fit in (5) a nd one sid e of (7) would be multiplied by a -I . 3. The ideal quarter-wavelength section is removed and the standard short circuit is connected directly to the reference plane. Under these conditions the signal from the side arm is b,s of (7). Because the signal from the auxiliary channel of figure 3 was adjusted in the preceding step to produce the signal -bzs , the receiver, which responds to the sum of the outputs of the side-arm and auxiliary channel, registers Ibis -bzsl· 4. The standard 30 MHz attenuator in the IF receiver is adjus ted to produce an arbitrary reference level at the indicator.
5. The short circuit is removed from the reference plane, and the quarter-wavelength section is connected and terminated in the unknown reflection coefficient. Under the se conditions the signal out of the sidearm is equal to bZIL of (7).
6. The phase s hifter and attenuator (P, and A,) are now readju ste d to again produce a null at the 30 MHz re ceiver. This adjustment provides that bAZ = -bzlL , where bA Z is the signal from the auxiliary c hannel.
7. The quarter-wavelength section is removed, and the unknown is connected directly to the refere nce plane. The signal into the 30 MHz IF receiver is again the sum of the signals from the side-arm a nd auxiliary c hannel, i.e., Ib 'lL -b21J A record is made of the change (in decibels) in the setting of the standard 30 MHz attenuator in the receiver required to return the indicator to the reference level chosen in step four. This difference (in decibels) between the final attenuator setting and the se tting at step four is a measure of the ratio Ibl S-bzslll b'lL -bzlL l. Thus,
Assumi ng that [ri; I ::s; 1, this equation reduces to approximately 1 dB(measured) = 20 log [rILl'
whence the unknown reflection coefficie nt magnitude is given by dB(measured) 20
Measurement Results
The reflection coefficient magnitude of three 9/16-inch coaxial terminations were measured at 4 GHz using the quarter-wave technique. These measurements were compared with those obtained with a tuned reflectometer and those obtained with an untuned reflectometer that did not utilize a quarter· wavelength section. Table 1 summarizes the results.
The first column lists the values obtained for the three terminations when measured with a tuned reflectometer. The tolerances associated with these values include the measurement error as well as the non-repeatability obtained by rotating the termination. In the second column are listed the VSWR's corresponding to the reflection coefficients in the first column. In the third and fourth columns are listed the reflection coefficients and VSWR's obtained with an untuned directional coupler but no quarter·wavelength section. These values were obtain'ed as follows: The standard short circuit was connected to the reference plane, and an indicator reference point was obtained. The short circuit was then replaced by the unknown impedance, and the reflection coefficient was computed from the measured change in the signal level at the indicator. These values are subject to all the errors due to imperfections in the directional coupler. The directional coupler employed in the three systems with which the data of table 1 were obtained (including that of fig. 3 ), had a directivity of approximately 30 dB (this corresponds to a 1/IKI value of approximately 0.032) and a 1[2il of less than 0.02.
In the fifth and sixth columns of table 1 are listed the reflection coefficient magnitude and VSWR values obtaine d by using the quarter-wavelength measurement technique described in this report.
The values obtained using the quarter-wave technique are in near agreement with the values obtained using the tuned reflectometer. The values obtained with the untuned reflectometer when the quarter· wave section was not used are considerably in error.
Conclusions
Precise reflection coefficient measurements are possible with an untuned reflectometer if the quarterwave measurement technique is used. The theory was verified experimentally by measuring the reflector coefficient magnitudes of several terminations with a tuned reflectometer and then remeasuring them using the quarter-wave technique with an untuned reflectometer. These same terminations were also measured directly with an untuned reflectometer without application of the quarter-wavelength technique, to demonstrate the improvement in accuracy provided by the quarter-wave method.
Relative phase data were neglected during this evaluation_ No serious difficulties are anticipated in modifying the measurement system to obtain phase data so that the quarter-wave technique will then provide the complex reflection coefficient.
Use of the quarter-wave technique instead of a tuning procedure eliminates the need for variable-phase high-and low-reflection loads and shortens the required length of precision line_ The most important potential application of the quarter-wave technique is in the measurement of impedance at frequencies below approximately 1 GHz_ With decreasing frequency the tuned reflectometer becomes increasingly cumbersome .
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